Experimental fishing sessions simulating the operating procedures of the recreational fishery for the European squid that operates at inshore Palma Bay (Balearic Islands, Spain) were conducted to investigate the effects of environmental variables on squid catches. The catch per unit of effort (cpue) of recreational-like jigging sessions showed a seasonal pattern (higher cpue during colder months). Two alternative hypotheses can explain such a pattern. First, squid could migrate inshore during colder months to seek spatio-temporal windows within which the sea temperature maximize spawning success. Second, the timing of the seasonal reproductive peak and the growth rate of any given cohort would result in a higher percentage of squid whose body size is greater than the gear-specific vulnerability threshold during the colder months. The combination of environmental variables that maximized cpue was a low sea surface temperature, a low windspeed, low atmospheric pressure, and days close to the new moon. A specific period of the day, narrowly around sunset, favoured the catches. Within this narrow period, the sunlight is still sufficient to allow the recreational fishing lures to be effective, and the squid have already shifted to a more active pattern of movement characteristic of the night-time period.
Introduction
Most cephalopods are able to avoid negative environmental conditions through short-term adjustments to environmental variations (Pecl and Jackson, 2008; Pierce et al., 2008) . One noticeable example of this capability is that cephalopods typically perform migrations that are related to environmental changes. As a consequence, these migrations cause substantial changes in their spatial distribution Roberts and Sauer, 1994) . The primary drivers of migration appear to be the need to search for better feeding conditions (Martins et al., 2006; Martins and Perez, 2007) or for particular areas where environmental conditions optimize spawning success Roberts and Sauer, 1994) .
The vulnerability of squid to fishing changes as a consequence of these migrations (Pierce et al., 1998) . For example, certain artisanal fisheries for loliginid squids operate only when these species migrate inshore in response to favourable environmental cues (Schön et al., 2002; Iwata et al., 2010; Postuma and Gasalla, 2010) . For this reason, a better understanding of the relationship between cephalopod vulnerability and environmental changes is essential for managing cephalopod fisheries (Schön et al., 2002; Boyle and Rodhouse, 2005; Pierce et al., 2008) .
From this perspective, we describe the effects of several environmental variables on the recreational catches of the European squid Loligo vulgaris Lamarck (1798). Due to the high socioeconomic importance of this species in the Mediterranean, this cephalopod shows one of the highest levels of exploitation by professional fisheries, either as target or bycatch (Worms, 1983; González and Sánchez, 2002; Cabanellas-Reboredo et al., 2011) . In the Balearic Islands, in addition to commercial fishing, the European squid is also targeted by a substantial recreational fleet (Morales-Nin et al., 2005; Cabanellas-Reboredo et al., 2011) . At Palma Bay, tens to hundreds of recreational boats may concentrate at specific grounds (inshore) and during the spawning season of this species (Cabanellas-Reboredo et al., 2012) . This pattern of fishing effort suggests a possible spatio-temporal relationship between vulnerability to fishing and environmental conditions. In addition, recreational fishing activity occurs primarily at sunset. This temporal clustering suggests a possible additional relationship between environment and vulnerability occurring on a within-day temporal scale (Cabanellas-Reboredo et al., 2011 , 2012 .
Previous studies focusing on commercial fisheries have shown that many environmental factors, such as moon phase, period of the day, windspeed, wind direction, rainfall, sea temperature, turbidity, and sea conditions, could play a role in the vulnerability and catch per unit of effort (cpue) of squid (Mercer and Bucy, 1983; Lefkaditou et al., 1998; Nowara and Walker 1998; Schön et al., 2002; Chen et al., 2006; Postuma and Gasalla, 2010; Ulaş and Aydin, 2011) . However, the specific influence of environmental factors on the vulnerability of squid to recreational fishing remains unknown. In fact, the effects of environmental factors on recreational fishing catches have been addressed only for a few freshwater or large game-fish species (Ortega-Garcia et al., 2008; Kuparinen et al., 2010) .
With this background, the specific objective of this study was to analyse the effects of environmental factors on the recreational catches of L. vulgaris at two different temporal scales: (i) seasonally, and (ii) daily. Because recreational squid fishing is increasing (Morales-Nin et al., 2005; Gaudin and De Young, 2007) , the relationship between environmental drivers and recreational squid catches should be considered (Sutinen and Johnston, 2003) to achieve a sustainable level of exploitation of this important resource .
Material and Methods

Sampling
In Palma Bay three fishing grounds are recognized by the squid recreational fishers (Figure 1 ; Cabanellas-Reboredo et al., 2012) . From July 2009 to February 2011 a total of 55 experimental fishing sessions of 1.5 h duration were performed (2 -4 sessions per month), each time randomly selecting the fishing ground. To simulate the methods used in the recreational fishery for L. vulgaris (Cabanellas-Reboredo et al., 2011), experimental fishing sessions were conducted within a narrow depth range (25-30 m) and around sunset because recreational fishers concentrate on this spatio-temporal range (Cabanellas-Reboredo et al., 2011 , 2012 . We used line jigging with artificial lures (squid jigs) (Boyle and Rodhouse, 2005) . Each experimental fishing session was divided into three 30-minute periods (day period: "before", "during", and "after" sunset, with actual sunset in the middle of the "during" period). Cpue was measured as the number of squid captured per time unit (in the case of cpue Total the time unit was 1.5 hours, whereas for cpue Partial the time unit was 30 minutes; we standardized to account for the number of fishers on board; see below).
For most of the captured squid (71%), the dorsal mantle length (DML) was measured to the nearest mm.
Environmental data
Several environmental variables were recorded for each experimental fishing session. The air temperature (8C, mean of the sampling day), rainfall (l m
22
, total of the sampling day), windspeed (m s
21
, mean of the sampling day), atmospheric pressure (hPa, mean of the sampling day) and hours of sunshine (h day 21 ) were obtained from the Governmental Meteorology Agency (AEMET; Figure 1 ). The sea condition during the sampling session was categorized using the Douglas Sea scale, a scale which measures the height of the waves and also measures the swell of the sea. In addition, the sea surface temperature (SST) was monitored at sunset with an oceanographic buoy from the Mediterranean Institute of Advanced Studies (IMEDEA). The buoy was located in the central part of the study area (black circle in Figure 1 ). The daily moon phase data were obtained from the US Naval Observatory (http://aa.usno.navy.mil/data/ docs/MoonFraction.html). We used the fraction of the moon that was illuminated on a given day as a quantitative representation of the lunar phase. The raw data (moonlight percentages; deBruyn and Meeuwig, 2001; Kuparinen et al., 2010) were sinetransformed. As a result, the moon phase was described by values ranging between 1 (full moon) and -1 (new moon). Tidal effects were not considered because the tides in the Mediterranean Sea vary only a few cm (Arabelos et al., 2011) .
Statistical analyses
Four statistical analyses have been performed addressing the following goals: (i) a t-test to explore seasonal differences in squid length frequencies, (ii) a principal components analysis (PCA) to check correlation among environmental variables and avoid collinearity in the generalized linear model (GLM), (iii) a GLM to test the effect of environmental variables on daily cpue and, (iv) a generalized linear mixed model (GLMM) to test cpue variability within the day scale (among day periods; before, after and during sunset).
Squid length
The seasonal [warm (June-October) vs. cold months (NovemberMay)] differences in squid length were analysed with a conventional t-test of log-transformed data. The variances were found to be homogeneous (Levene test) after the logarithmic transformation, and the residuals were found to be normally distributed (Shapiro-Wilk test).
Preliminary screening of environmental variables
A PCA on all the environmental variables considered was conducted to reveal correlation patterns and to avoid collinearity among variables. The PCA results suggested that there were several groups of highly correlated environmental variables ( Figure 2 ). If two or more variables showed a high correlation (positive or negative), we selected only one variable per group. The selected variable was the one for which effects on cpue or on biologically relevant traits had previously been reported (Mercer and Bucy, 1983; Lefkaditou et al., 1998; Schön et al., 2002; Pierce et al., 2008) . After this preliminary screening, SST, windspeed, atmospheric pressure, hours of sunshine, and moon phase were selected to test their effects on squid cpue. The PCA was conducted with CANOCO 4.5.
Generalized linear model
The number of squid caught per experimental fishing session (cpue Total ; number of squid after pooling the captures of the three day periods of the same fishing session) was modelled using a GLM. The pooling procedure was applied to avoid pseudoreplication, which could result because the models included environmental variables that could potentially affect the three periods in the same way (e.g. SST). Moreover, because the cpue data were expressed as counts, a Poisson distribution was selected to model the cpue as follows:
where i ¼ 1 to 55 experimental fishing sessions, and X represents the matrix of j ¼ 1 to n environmental variables. The model was fitted with the glm function of the R package (http://www.rproject.org/). The experimental fishing sessions were conducted by (the same) two fishers, except in a few cases, where one or three fishers carried out the fishing session. Therefore, cpue Total was standardized by the number of fishers onboard, as represented by the value of the "offset" argument. The initial model included all the environmental variables selected after the PCA (the SST, windspeed, atmospheric pressure, hours of sunshine, and moon phase), as well as the fishing zone (Figure 1 ). An AIC-based backward model simplification procedure was applied ("step" function of the R package). The existence of collinearity among the variables included in the final model was evaluated by estimating the variance inflation factor (VIF; Heiberger and Holland, 2004) .
The response variable (cpue) may be not only affected by a number of covariables (e.g. SST) but also by how distant in time were two consecutive experimental fishing sessions (i.e. temporal autocorrelation). Since fishing sessions were irregularly spaced, standard time series approach (e.g. an arima model) is not appropriate. Instead, variogram analysis that is extensively utilized in geostatistics to evaluate spatial correlation can also be used for evaluating temporal autocorrelation (Luo et al., 2006) . A temporal variogram compares the variances of groups of samples located at different time intervals. The rationale is that in a scenario without temporal autocorrelation, samples from the same time interval should have less variability than samples corresponding to a very distant dates. Temporal variograms of the models' residuals were estimated using the variog function. Then, the variog.mc.env Environmental effects on recreational squid jigging fishery catches function was used for generating 95% confidence intervals by non-parametric bootstrapping (1000 iterations). When observed variances were within such confidence intervals, absence of autocorrelation can be concluded.
Generalized linear mixed model
To assess the effects of the day period on cpue (cpue Partial ; before, during and after sunset), a GLMM (Bates and Maechler, 2010) was completed, given that the three 30-min periods sampled in a single day were not independent samples. A Poisson distribution was assumed because the cpue Partial was expressed as count data:
where i ¼ 1 to 55 experimental fishing sessions, and j ¼ 1 to 3 (day period). Hence, the number of squid captured during each of the three day periods was the response variable (i.e. 55*3 ¼ 165 observations of cpue Partial ), day period was incorporated as the only fixed factor and fishing day ("day effect") was considered a random factor to incorporate the structure of the sampling design. As above, cpue Partial was standardized by the number of fishers onboard with the "offset" argument. The model was fitted with the lmer function implemented in the library lme4 from the R package.
To visualize the effects of the different day period, the expected cpue Partial of a single fisher was estimated with a parametric bootstrap procedure. The parameters of the model were used to obtain the expected point estimate cpue before, after and during sunset. A total of 1000 fishing sessions were simulated, based on a Poisson distribution.
Results
Despite some within-season variability, the cpue values showed a seasonal pattern: the catches during warm months (summer and early autumn) were smaller than those during cold months (late autumn, winter and spring; Figure 3) .
The mean size of the squid captured was 20.73 cm + 4.50 (s.d.). The differences in mean size between the warm (JuneOctober) and cold months were not significant (t ¼ -0.918, d.f. ¼ 95, p . 0.05).
Concerning the effects on cpue of the environmental variables selected after PCA (SST, windspeed, atmospheric pressure, hours of sunshine and moon phase), the results obtained by the final GLM (details on the backward model selection procedure are provided in Table 1 ) are summarized in Table 2 . The variables included in the final GLM were not collinear (the VIFs were 1.3 or smaller; the suggested threshold for avoiding collinearity problems is 5) (Heiberger and Holland, 2004) . Moreover, concerning temporal autocorrelation, none of the empirical variances estimated at different time intervals were outside the 95% confidence intervals. Thus experimental fishing sessions (sampling dates) were fully independent. The GLM results indicated that SST had a significant negative effect on cpue (Figure 3) . Moreover, cpue was also significantly affected by windspeed, atmospheric pressure and moon phase. Cpue increased at low windspeeds, at low atmospheric pressure and on days close to the new moon (Table 2 and Figure 3 ). In contrast, the spatial distribution (fishing zone; Figure 1 ) of the experimental fishing sessions did not affect cpue.
The GLMM results indicated that the day period significantly affected cpue (Table 2) . Cpue was lower before sunset, higher during sunset, and intermediately after sunset. The results of the parametric bootstrap are shown in Figure 4 .
Discussion
The results presented here have demonstrated that the cpue of recreational jigging of the European squid is significantly correlated with environmental variation. The most relevant environmental variable affecting cpue was SST. The combination of environmental variables that maximized cpue was low SST, low windspeed, low atmospheric pressure and days close to new moon.
This study has demonstrated that cpue increases at low SST values. Two alternative hypotheses could explain such a pattern. First, squid could migrate inshore during colder months to seek spatio-temporal windows within which the sea temperature optimizes spawning success. The catches from different commercial fleets are known to depend on sea temperature. For a closely related species, this relationship is well explained by migration (e.g. Loligo forbesi Steenstrup, 1856; Sims et al., 2001 ). Spawning appears to be one of the specific drivers of Loligo vulgaris movements (Worms, 1983; Sánchez and Guerra, 1994) . Reproductive success seems to be maximized within a relatively narrow range of sea temperatures, which is 12 to 178C for L. vulgaris (Villanueva et al., 2003) . Such a narrow temperature range maximizes hatching success (Şen, 2005) . L. vulgaris appears capable of spawning throughout the year Šifner and Vrgoč, 2004) , but the inshore summer temperature in the northwest Mediterranean frequently falls outside such an optimal temperature range (Nykjaer, 2009) . The SST in the study area reflected the typical conditions of the western Mediterranean, with minimum temperatures of approximately 148C, a well-mixed water column during the late winter, and maximum temperatures in late August (Á lvarez et al., 2012) . Therefore, according to the spawning migration hypothesis, squid would remain offshore during summer but would move inshore for spawning during winter and spring (i.e. the main reproductive season of L. vulgaris; Šifner and Vrgoč, 2004) .
Inshore migrations of other squid have important consequences on inshore fishing because these migrations make squid accessible to the coastal handline jigging artisanal fisheries (Augustyn and Roel, 1998; Boyle and Rodhouse, 2005; Rodrigues and Gasalla, 2008; Iwata et al., 2010) . Furthermore, the captures of chokka squid, Loligo reynaudii Orbigny (1845), performed by the South African jigging fishery are related to the formation of inshore spawning aggregations (Roberts and Sauer, 1994; Schön et al., 2002) . Consequently, the negative relationship between cpue and temperature reported here could be explained by a seasonal migration to inshore spawning grounds. Alternatively, food availability has been also proposed as another possible driver of inshore migration (Martins et al., 2006; Martins and Perez, 2007) .
The second hypothesis compatible with the seasonal pattern found (a higher cpue during the colder months) is that this pattern could result from the size selectivity of the squid jigs. L. vulgaris paralarvae may hatch and recruit to more extensive fishing grounds than those exploited by the recreational fleet. The juveniles would grow and develop until they reached a specific size at which squid become vulnerable to jigging (Tokai and Ueta, 1999) . Consequently, the catches of the recreational fishers would only be significant after most of the squid stock attained that size Figure 3 . Daily values for all experimental fishing sessions of cpue Total , SST, atmospheric pressure, windspeed and moon phase. In the plot of the moon phase, the grey and black circles represent the full and new moon, respectively. The sphere with grey and black shadows symbolizes the first and third quarter moon phases.
Environmental effects on recreational squid jigging fishery catches 1827 threshold. Therefore, local depletion after these optimal months (caused either by post-spawning mortality or by fishing mortality, or both) may be a case of hyperdepletion (the appearance that stock size has declined much more than it actually has) (Hilborn and Walters, 1992) .
Unfortunately, neither of these two competing hypotheses can be rejected based on independent data (i.e. landings by the commercial fleet) because no data on the fishing areas used by this fleet are available. Moreover, it is well known that the commercial fleet frequently changes its fishing grounds in an attempt to maximize its catches. This procedure results in a very noisy temporal series of squid catches, with no clear seasonal trend (unpublished data). In addition, the growth rate (Natsukari and Komine, 1992) and the size at sexual maturation (160 and 125 mm for females and males, respectively) (Šifner and Vrgoč, 2004) are such that the observed mean size (20.7 cm) of our catches is consistent with both hypotheses.
The negative correlation between atmospheric pressure and catch rates is also difficult to explain. All fishing sessions occurred during relatively good weather conditions and within a narrow range of typically anticyclonic values of atmospheric pressure (1008.2-1031.9 hPa). Therefore, it cannot be concluded that cpue increases during adverse weather or sea conditions. Conversely, low values of atmospheric pressure within this narrow range may affect some aspect of squid physiology or behaviour, although the specific process involved requires further investigation. Our findings also suggest that mild winds represent the optimal weather condition for maximizing jigging success. In this context, it appears evident that rolling motion and excessive drift caused by strong winds disturb the optimal performance of the recreational fishing gear and reduce the catches (Mercer and Bucy, 1983; Schön et al., 2002) .
Our results showed that cpue increased significantly on days close to the new moon phase. Experimental fishing sessions simulating commercial tactics (Mercer and Bucy, 1983) and studies based on commercial landings (Chen, 1998; Chen et al., 2006) of different oceanic squids reported the same pattern. Schön et al. (2002) reported an increase in chokka squid (L. reynaudi) catches near the new moon. However, the process relating moon phase and cpue remains unclear. For example, conflicting data are reported even for the same species (Ommastrephes bartrami LeSueur, 1821), for which maximum cpue values have been associated with both the full moon (Nakamura and Siriraksophon, 1992) and the new moon (Chen et al., 2006) . Commercial catch rates of other loliginid squid (including L. vulgaris) have been reported to increase during full moon (Young et al., 2006; Postuma and Gasalla, 2010; Ulaş and Aydin, 2011) . Overall, it is not possible to compare these results because gears and fishing tactics differ (e.g. lights may or may not be used to attract the squid). However, because the moon phase has no tidal effect in the Mediterranean Sea (Arabelos et al., 2011) , physiological and behavioural changes related to lunar rhythms, comparable to those described for other cephalopods (Denton and Gilpin-Brow, 1961; Spratt, 1979; Cobb et al., 1995) may explain the relationship between moon phase and cpue, although this topic requires further studies (Naylor, 2001) .
Our results for the day period showed that cpue was highest during the sunset period (30 minutes during dusk). This result may be due to the combination of the activity pattern of the squid (feeding at night and spawning during the day) and the visibility conditions favouring squid predation. A day-night difference in activity patterns has been demonstrated for L. reynaudii (Downey et al., 2010) and L. vulgaris (Cabanellas-Reboredo et al., 2012) . Squid show a more active type of movement from sunset to sunrise (night-time). The increase in the level of nocturnal activity appears to be related to squid foraging (Sauer and Lipiń ski, 1991; Nowara and Walker, 1998; Downey et al., 2010) . At sunrise, squid behaviour would shift from feeding to reproduction (mating and spawning behaviour) (Sauer et al., 1997; Hanlon Downey et al., 2010) and would remain in that state throughout the day. Therefore, a low cpue before sunset could occur because most squid were still in a reproductive behavioural state (Downey et al., 2010; Cabanellas-Reboredo et al., 2012) . A low cpue after sunset could be related to low visibility, which would prevent squid from detecting artificial jigs (Postuma and Gasalla, 2010; Ulaş and Aydin, 2011) even if the squid were already in the feeding behavioural state. Vision is the principal sense involved in predation by neritic squid (Hanlon and Messenger, 1996) . Because the use of lights to attract squid is prohibited for the recreational fleet in the Balearic Islands (BOE, 2011) , the anglers concentrate their fishing efforts near sunset (Cabanellas-Reboredo et al., 2011) . During this period, catchability is maximized because optimal visibility is present and the squid are especially inclined to feed (enhanced voracity and activity) (Cabanellas-Reboredo et al., 2012) . The seasonal variability in cpue reported here suggests that a temporal closure of the inshore grounds could enhance the stock by protecting potential spawners and increasing the reproductive potential of the population. In fact, this management tool has been applied in other cases (South African chokka squid fishery) (Augustyn and Roel, 1998) . Two cases of temporal closure (for fish) have been successfully implemented in the Balearic Islands (Xyrichtys novacula Linnaeus (1758) and Seriola durmerili Risso (1810)) (Morales-Nin et al., 2010). However, the case of squid at Palma Bay is not comparable. The status of the stock is unknown because no study of population dynamics that includes all three fleets that exploit squid (the trawling, artisanal and recreational fleets) has ever been conducted. Note that, as suggested above, partial analyses can produce a misleading conclusion because in the case of hyperdepletion, abundance indices would incorrectly indicate depletion. Therefore, a number of basic and key life-history questions need to be addressed prior to the adoption of any specific management measure, e.g. whether squid migrate inshore for spawning, such that the spawners avoid mortality by fishing by commercial trawlers, or alternatively, whether the stock is evenly spread inshore and offshore and trawlers exploit the stock all year round while the recreational fishery only exploits squid (seasonally) when they reach a size vulnerable to the lures. This is particularly important because in this case the socio-economic importance of the three fleets could generate severe conflicts that could ultimately have harmful effects on the sustainability of the squid catches.
